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1. Supporting Texts

1. Experimental section

1.1 Synthesis of catalysts

Synthesis of 0D Cu-ZIS quantum dots (QDs). The Cu-ZIS QDs were synthesized
through a previously reported hydrothermal method with modifications'. First, 0.136 g
of Cu(OAc)>-H>0, 0.649 g of In(NO3)3-4.5H>0 and 0.186 g of Zn(OAc)2-2H>0 (serving
as the metal precursors) were dissolved in 8 mL of deionized water containing 0.363 g
of L-cysteine (as protective agent). After ultra-sonication for 15 min, 1.0 M NaOH
solution was used to adjust the pH of the mixture to 8.5. After stirring for 20 min, the
solution was transferred to a 50 mL Teflon-lined stainless-steel autoclave and
maintained at 110 °C for 4 h. The samples were collected by centrifugation after adding
ethanol, washed three times with deionized water/ethanol, and then dispersed in
deionized water for further use.

Synthesis of 1D Cu-ZIS nanowires. In a typical synthesis of Cu-ZIS nanowires with
modifications?, ZnSO47H,0 (0.25 mmol) and Cu(OAc)»H.O (0.05 mmol),
InCl3-4H>0 (0.50 mmol), and TAA (2.00 mmol) were loaded into a 25 mL Teflon-lined
autoclave, which was then filled with 12 mL of pyridine. Then 0.65 g of CTAB was
added slowly with stirring. After 1 h of magnetic stirring, the autoclave was sealed and
maintained at 160 °C for 16 h and then allowed to cool down to room temperature
naturally. The pink product was collected by centrifugation, washed several times with
absolute ethanol and ioned water, and finally dried under a vacuum at 60 °C for 4 h.

Synthesis of carbon dots (original C-Dots). The original C-Dots were prepared based



on a reported hydrothermal method with some modifications®. Citric acid (1.05 g) and
ethylenediamine (335 pL) were dissolved in deionized water (10 mL), which was then
transferred to a 20 mL Teflon-lined autoclave and heated to 180 °C and kept for 5 h.
After reaction, the autoclave was cooled down to room temperature naturally. The
obtained suspension was then filtered through a 0.22 pum filter membrane to remove
large particles. Transparent the brown-black filtrate was then subjected to dialysis
(MWCO: 200 Da) for 3 days to obtain the original C-Dots and then dispersed in
deionized water for further use.

1.2 Structure and morphology characterizations

X-ray diffraction (XRD) was used to analyze the samples ranging from 10 to 80° (scan
rate: 7.0°/min) with Cu K, radiation source (A = 1.5417 A) on a D/MAX-2500
diffractometer (Empyrean, Holland Panalytical). Raman spectroscopy with a scan range
of 100-3000 cm ™! was measured using an America DXR Raman spectrometer. An FEI-
Tecnai F20 electron microscope was used for transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM) with an accelerating voltage of 200 kV. The X-ray
photoelectron spectroscopy (XPS) measurements were performed on a K-Alpha plus
XPS system (Thermo Fisher Scientific, USA). A Bruker MultiMode 8 atomic force
microscope (AFM) was employed to measure the thickness, and the surface potentials
of samples were detected under Kelvin probe force microscopy (KPFM) mode. The X-
ray absorption near-edge spectroscopy (XANES) experiments were conducted at Hefei
Synchrotron Radiation Facility (NSRL, Beamlines MCD-A and MCD-B (Soochow

Beamline for Energy Materials)). All XANES spectra were recorded in the total



electron yield (TEY) mode using a sample current measurement. The XANES raw data
were normalized by a procedure consisting of several steps. First, the spectrum recorded
for the sample was normalized to the photon flux by division through a spectrum
obtained for a freshly sputtered gold wafer, and then substrate a line to set the pre-edge
to be zero. Finally, the spectra were normalized to yield an edge-jump to one. The
photothermal effect was tested by an all glass automatic on-line trace gas analysis
system (Labsolar-6A, Beijing Perfectlight).

1.3 Optical characterizations

UV-vis absorption spectroscopy was characterized with a Cary 8454 spectrometer. A
Cary Eclipse fluorescence spectrophotometer was used for photoluminescence (PL) of
the samples. Time-resolved PL spectra were collected by excitation at 481 nm using a
QuantaMaster TM 40 spectrometer (Photon Technology International, Inc.). For
femtosecond (fs) transient absorption spectroscopy (TAS) measurements, the
fundamental beam from the Yb:KGW laser (Pharos, Light Conversion Ltd.) was split
into several paths and sent to an ultrafast spectrometer (TA100, Time-Tech Spectra,
LLC). One light path was introduced into a noncollinear optical parametric amplifier to
generate a pump pulse at a certain wavelength. Meanwhile, another path was focused
onto a YAG crystal to produce a continuum light as the probing beam. Both pump and
probing light beams spatially overlapped at the sample, and the time delay between the
two lights was controlled using the motorized positioning system. In detail, the
femtosecond laser of 320 nm was adopted as the pump light and the wide broadband

femtosecond light from 350-700 nm was adopted as the probe light. Ultraviolet



Photoelectron Spectroscopy (UPS, Thermo ESCALAB 250XI) was used to determine
the work function of samples.
1.4 Photoelectrochemical measurements

Electrochemical impedance spectra (EIS) and photocurrent response were measured
on a CHI 760E electrochemical workstation (Chenhua, China) with a standard three-
electrode cell and 0.5 M NaxSO4 solution as the electrolyte with the samples uniformly
distributed on fluoroalkane doped tin oxide (FTO) glass. In a typical process, 10 mg of
the as-obtained catalyst was dispersed in a solution containing 1 ml of ethanol, 5 mg of
polyvinyl pyrrolidone, and 0.02 mL of oleic acid, which was ultrasonically treated for
30 minutes. Then, the solution was gradually applied to a clean 1 x 2 cm? FTO glass
electrode using a spin coater. The photocurrent was measured under illumination of a
300 W xenon lamp. The electrocatalytic hydrogen evolution reaction properties of all
samples were tested in a typical three-electrode system using CHI 760E (Chenhua,
Shanghai China) with the ZIS, Cu-ZIS and Cu-ZIS/C-Dots on FTO as the working
electrodes, a graphite rod as the counter electrode, and a Ag/AgCl electrode as the
reference electrode, respectively.
1.5 The calculation of HOMO and LUMO levels
The measurement of cyclic voltammetry (CV) curve of C-Dots was carried out in an
acetonitrile solution containing tetrabutylamine hexafluorophosphate (TBAP) saturated
with nitrogen, using ferrocene as the standard, and glassy carbon electrode, Ag/Ag"
electrode and carbon rod as the working, reference and counter electrodes, respectively.

The calculation formula is as follows*”:



Enomo = _(Egrjfset - Eferrocene + 4'8) eV (1

Erumo = _(Egre;?et - Eferrocene + 4-8) eV (2)
E(RHE, pH = 7) = E(RHE, pH = 0) — 0.059pH V 3)
Er(RHE, pH = 0) = 4.5V — Ep (vs vacuum level) V 4

1.6 DFT calculations

The density functional theory (DFT) calculations were carried out by using the Vienna
Ab-initio Simulation Package (VASP)!?. The electron exchange-correlation interaction
was treated by the generalized gradient approximation (GGA) and Perdew-Burke-
Ernzerhof (PBE) function'!. The interaction between ion cores and valence electrons
was described through the method of projection enhanced plane wave (PAW)!'?. The
kinetic energy cutoff of the plane-wave basis is 500 eV and the energy convergence
level is 107 eV. During structural optimization, the force on each atom was converged
to 0.02 eV/A and the top stoichiometric layer was allowed to relax, while the bottom
stoichiometric layer was fixed in its main body position. To eliminate the periodic
interaction, the size of the vacuum space was set to 15 A along the z direction. The
Gibbs free energy was defined as follows!':

AG = AE +A ZPE — TAS (5)

where AE (DFT), AZPE, T and AS are the DFT calculated total energy, zero-point
energy (ZPE), temperature (300 K here by assume) and entropy, respectively. The
adsorption energy (Eaq) of the adsorbed species was computed using the formula Eaq =
Eadgs + Esuv— Eior, Where Eqot refers to the total energy of the system comprising both the

substrate and adsorbate, and Esu, and Eags denote the ground energy of the substrate and



the adsorbate, respectively. According to this definition, the strength of adsorption
increases as the adsorption energy becomes more positive.

The surface energy was developed by Reuter and Scheffler'®. For the surface system
the surface free energy y (T, P) in an oxygen pressure P and temperature T is defined

3515’161

¥ = = (G&%ninys, (T, P) = Neuttcu (T, P) = Nspus(T, P) = Ngnpizn (T, P) —
Ninpiin (T, P)) (6)
where Gélj‘PZnInzs4 is the Gibbs free energy of the slab system; p¢, (T, P), Ngus(T, P),
Nznthzn (T, P) and Ny, u;, (T, P) are the chemical potentials of Cu, S, Zn and In atoms,
respectively; A is the area of the surface unit cell; N, Ns, N, and Ny, are the numbers
of Cu, S, Zn and In atoms in the slab. Because the surface system is modeled by a slab
with two equivalent surfaces, the surface free energy is multiplied by a factor of 0.5.
1.7 COMSOL Simulation Procedure
The numerical simulation is calculated at steady state of Poisson-Nernst Planck
equations. The transport of solvated ionic species and charge transfer are considered.
The equations govern the diffusion and electric migration of ionic species are as follows:
Ji = —Di(Ve; + £E V) (7)
==V i=0 @)
E=-Vp ()
V- (&0&E) =p, (10)
where c; is noted for the concentration of species i (with i = HY), D; is the diffusion

coefficient of species i, n; for the charge of species i. F is the Faraday constant. R and T



are the ideal gas constant and the temperature. ¢ denotes for the potential and E denotes
for electric field. gy is the dielectric constant in vacuum, &- is the relative dielectric
constant of the material which consists of a real part and image part. p, is the volume
charge density. The electric field was obtained by solving Egs.(9)-(10). The
corresponding COMSOL Simulation parameter values are shown in Supplementary

Table 8.



Supplementary Figures

Supplementary Fig. 1. Morphology characterization of Cu-ZIS nanosheets and C-
Dots. TEM images of (a) Cu-ZIS nanosheets and (b) C-Dots and the corresponding
HRTEM images (top insets) and size distribution histogram (bottom inset in b) obtained
by counting 100 particles. (c) EDX overlap and element mapping for (d) Cu, (e) S, (f)

Ni, (g) In, (h) Zn, and (i) C profiles of the Cu-ZIS/C-Dots.



Supplementary Fig. 2. Morphology of 0D QDs and 1D nanowires of Cu-ZIS. TEM
images of (a) Cu-ZIS QDs and (b) Cu-ZIS nanowires and the corresponding HRTEM

images (insets).
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Supplementary Fig. 3. Morphology of 1D nanowires of Cu-ZIS. (a, b) SEM images

of Cu-ZIS nanowires at different magnifications.
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Supplementary Fig. 4. Structure characterizations of the photocatalysts. (a) XRD
patterns and (b) Raman spectra of ZIS, Cu-ZIS, original C-Dots, C-Dots and Cu-ZIS/C-
Dots. It is observed that the doping of Cu into ZIS reduces the peak intensity with slight
red shifts, which is ascribed to smaller ionic radius of Cu(Il) than that of Zn(II) leading
to the structural deformation of the ZIS lattice'"!®. For Cu-ZIS/C-Dots, these four peaks

are further reduced and hardly to be observed upon introduction of C-Dots!?.
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Supplementary Fig. 5. Structural analysis by XRD. XRD patterns of Cu-ZIS QDs

and nanowires.
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Supplementary Fig. 6. Structural analysis of original C-Dots and C-Dots by

XANES. (a) C, (b) N and (c) O K—edge XANES spectra of original C-Dots and C-Dots.
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Supplementary Fig. 7. XPS survey spectra. The XPS survey spectra of Cu-ZIS, C-

Dots, original C-Dots and Cu-ZIS/C-Dots.
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Supplementary Fig. 8. High-resolution XPS analysis of the samples. High-

resolution XPS curves: (a) Cu 2p in Cu-ZIS and Cu-ZIS/C-Dots; (b) In 3d, (c) Zn 2p,

(d) S 2p in ZIS, Cu-ZIS and Cu-ZIS/C-Dots; (e) Ni 2p and (f) N 1s in C-Dots and Cu-

ZIS/C-Dots.
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Supplementary Fig. 9. High-resolution XPS analysis of Cu-ZIS QDs. High-

resolution XPS curves of (a) Cu 2p, (b) In 3d, (c) Zn 2p and (d) S 2p in Cu-ZIS QDs.
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Supplementary Fig. 10. High-resolution XPS analysis of Cu-ZIS nanowires. High-
resolution XPS curves of (a) Cu 2p, (b) In 3d, (c) Zn 2p and (d) S 2p in Cu-ZIS

nanowires.
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Supplementary Fig. 11. Optimized structure of Cu(Il) at various sites for surface
energy calculation in Cu-ZIS. Optimized structure of Cu(II) at six different sites for
surface energy calculation: (a) three possible sites of Cu(Il) in the [Zn—S] layers, and
(b) three possible sites of Cu(Il) at [In—S] layers. (The yellow, gray, pink, and blue

spheres represent the S, Zn, In, and Cu atoms, respectively).
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Supplementary Fig. 12. EPR spectra analysis. EPR spectra of x% Cu—ZIS (x = 1-5)

for the S vacancy test.
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Supplementary Fig. 13. Charge density difference analysis. Top view of charge
density difference of (a) Cu-ZIS QDs (0D), (b) Cu-ZIS nanosheets (2D) and (c¢) Cu-ZIS

nanowires (1D) by DFT calculation on the (001) crystal plane.
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Supplementary Fig. 14. Adsorption of Cu(Il) on C-Dots at varying distances. Top
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Supplementary Fig. 15. The band level estimation of the photocatalysts. (a) Tauc
plots of (ahv)? vs. hv, and (b) XPS valence band spectra of ZIS and X% Cu-ZIS (X=1,

3, 5).
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Supplementary Fig. 17. The estimation of HOMO and LUMO levels of C-Dots. CV
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Supplementary Fig. 18. PL spectra. PL spectra of ZIS, Cu-ZIS and Cu-ZIS/C-Dots.
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Supplementary Fig. 19. Time-resolved PL spectra analysis. Time-resolved PL

spectra of ZIS, Cu-ZIS and Cu-ZIS/C-Dots.
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Supplementary Fig. 21. UPS analysis of C-Dots. The UPS spectra in the (a) cutoff
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Supplementary Fig. 22. Schematic diagram of charge transfer. Energy level scheme
of Cu-ZIS and C-Dots (a) before and (b) after contact for the charge transfer route at

the interface of Cu-ZIS/C-Dots.
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Supplementary Fig. 24. XRD characterization for stability test. XRD patterns of

Cu-ZIS/C-Dots before and after photocatalytic hydrogen production.
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Supplementary Fig. 25. TEM characterization for stability test. TEM images of Cu-

ZIS/C-Dots before (a) and after (b) four cycles of photocatalytic hydrogen production.
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Supplementary Fig. 26. Characterization of photothermal effect. The infrared
photothermal images of Cu-ZIS/C-Dots under different reaction temperatures upon
light irradiation with a cutoff filter of A > 420 nm. The system temperature is controlled
at (a) 5.0, (b) 10.0, (¢) 15.0 and (d) 20.0 °C, with the actual temperature of 5.1, 10.0,

16.8 and 19.0 °C, respectively.
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Z1S/C-Dots with AA. (a) Hydrogen evolution rate and (b) time-dependent hydrogen
evolution profile of ZIS, Cu-ZIS and Cu-ZIS/C-Dots photocatalysts with AA as the hole

sacrificial reagent.
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Supplementary Fig. 28. Photocatalytic performance of different catalysts with AA.

Amount of hydrogen production with (a) Cu-ZIS-X% Original C-Dots, (¢) Cu-ZIS-X%

Ni(II), and (e) Cu-ZIS-X% C-Dots with AA as the sacrificial agent. The corresponding

hydrogen production rate of the samples with (b) Cu-ZIS-X% Original C-Dots, (d) Cu-

ZIS- X% Ni(Il), and (f) Cu-ZIS-X% C-Dots.
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Supplementary Fig. 29. The photographs during photocatalytic reaction. Digital
photographs of H» evolution using the Cu-ZIS/C-Dots film without (a) and with (b)

visible light irradiation.
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Supplementary Fig. 30. AQE analysis with AA. Wavelength-dependent AQE of H»
production over Cu-ZIS/C-Dots with AA as the sacrificial reagent in comparison with

the absorption spectrum.
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Supplementary Fig. 31. Photocatalytic stability test with AA. Hydrogen production

cycle stability of ZIS and Cu-ZIS/C-Dots with AA as the sacrificial reagent.
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Supplementary Fig. 34. Zeta potentials analysis. The zeta potentials of ZIS, Original

C-Dots, C-Dots and Cu-ZIS dispersed in pure water.
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Supplementary Fig. 35. Surface potentials of ZIS and Cu-ZIS. KPFM images at the

surface potential mode of (a) ZIS and (b) Cu-ZIS.
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Supplementary Fig. 36. Morphology characterization of ZIS and Cu-ZIS by AFM.

AFM images and the corresponding height profiles of (a) ZIS and (b) Cu-ZIS.
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Supplementary Fig. 37. Surface potentials, surface charges, and B-IEF intensity
analysis. (a) Surface potentials and calculated surface charges, and (b) tested B-IEF

intensity of ZIS and Cu-ZIS nanosheets.
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Supplementary Fig. 38. Schematic TPV analysis in photocatalysis. The Schematic

diagram of TPV ms dynamics for photocatalysis.

46



a —7ZIS b —Zs
101 —cuzIs 1.0 — cu-zIS
—— Cu-ZIS/C-Dots — Cu-ZIS/C-Dots
~— 0.8 ~— 0.84
3 3
& 061 & 061
> >
= =
0 0.4 » 0.4
[ c
L )
c 0.2 < 0.2
o.o.-f 0.0
-0.2 . T T T -0.2 . T T T
0.0 0.5 1.0 1.5 2.0 25 000 005 010 015 020 025
C Time (ms) d Time (ms)
1.2
0 —7ZIS —28s
a —Cu-ZIS 104 —Cu-ZIS
—~ o8] — CuZISIC-Dots| _ 15=0.30 ms —— Cu-ZIS/C-Dots
] S 0.8
L 0.6 S o6
= =
L 041 g 0.4
o)
E 0.2 4 E 0.24
0.0 Jepteeggu2z7227: 4 "2 0.0
-0.2 T T T T -0.2 T T T T
000 005 010 015 020 025 0.0 05 1.0 15 2.0 25
Time (ms) Time (ms)

Supplementary Fig. 39. TPV analysis for ZIS, Cu-ZIS, and Cu-ZIS/C-Dots. (a)

TPV relaxation curves, (b) the maximum charge extraction time (#uax), (¢) amount of

charge extraction (4) and (d) attenuation constants (z) of ZIS (z;), Cu-ZIS (z2) and Cu-

ZIS/C-Dots (75) estimated from TPV spectra.
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Supplementary Fig. 40. TPV dynamic analysis for ZIS, Cu-ZIS, and Cu-
Z1S/Original C-Dots. (a) TPV relaxation curves, (b) the maximum charge extraction
time (¢max), (c) amount of charge extraction (4) and (d) attenuation constants (7) of ZIS

(t1), Cu-ZIS (72) and Cu-ZIS/Original C-Dots (z3) estimated from TPV spectra.
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Supplementary Fig. 41. TPV dynamic analysis for ZIS, Cu-ZIS, and Cu-ZIS/Ni(II).
(a) TPV relaxation curves, (b) the maximum charge extraction time (#x4x), (C) amount
of charge extraction (4) and (d) attenuation constants (z) of ZIS (z;), Cu-ZIS (z2) and

Cu-ZIS/Ni(II) (z4) estimated from TPV spectra.
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Supplementary Fig. 43. Transient absorption spectra. 3D Color-map plots of the

femtosecond ultrafast TAS for (a) ZIS, (b) Cu-ZIS and (¢) Cu-ZIS/C-Dots measured

under 320-nm pump laser.
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Supplementary Fig. 44. Transient absorption decay curves. The normalized TAS

kinetics of ZIS, Cu-ZIS and Cu-ZIS/C-Dots at 380 nm.

52



a b1.2
12 ——ACN ——ACN
1oL _ —— ACN+AA ol — ACN+AA
S 0.8 508
KT S o _{_
.é\ 0.64 éo 6
n [72]
T 041 G AQ=0.09504
< AQ=0.04559 2 e
= C
0.24 =

1'.5 2?0 25

Time (ms)

1?5 2.0 25 0.5 1.0

Time (ms)

0.5 1.0

Supplementary Fig. 45. TPV spectra. The in-situ TPV spectra of (a) ZIS and (b) Cu-

ZIS with the introduction of ACN and ACN/AA (both containing 5%o water).
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Supplementary Fig. 46. EPR spectra. The in-situ EPR spectra of photogenerated

electrons by TEMPO spin-label with different additives over Cu-ZIS/C-Dots.
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Supplementary Fig. 47. Electrocatalytic HER tests. (a) The electrocatalytic HER

activity and (b) Tafel plots of ZIS, Cu-ZIS and Cu-ZIS/C-Dots with light in 1 M PBS.
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Supplementary Fig. 49. Photocurrent and EIS. (a) Transient photocurrent responses
and (b) EIS spectra of ZIS, Cu-ZIS and Cu-ZIS/C-Dots. Inset is an equivalent circuit
of EIS. The R; is the solution resistance, CPE is the capacitance phase element for the
semiconductor electrolyte interface. Re is the charge transfer resistance across the

interface'®20-21,
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Supplementary Fig. 50. Electric potential results by COMSOL Multiphysics
simulation. (a) Curve of potential intensity versus distance from Cu(II) sites to C-Dots.

(b) Electric potential distribution of Cu-ZIS/C-Dots.
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Supplementary Fig. 51. Schematic diagrams for the parallel up of the factory-like
nanoreactors loaded on 0D Cu-ZIS QDs, 1D Cu-ZIS nanowires and 2D Cu-ZIS

nanosheets.
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Supplementary Fig. 52. Photocatalytic activities of different shaped catalysts. (a)
Comparison of photocatalytic H> and BAD production rates and (b) BA conversion and
BAD selectivity of 0D Cu-ZIS QDs, 1D Cu-ZIS nanowires and 2D Cu-ZIS nanosheets

combined with C-Dots in 5 h.
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Supplementary Fig. 53. DFT optimized structures. Side view of the optimized

structures of the active intermediates adsorbed on the Cu(Il) site for 0D QDs along the

7 axis.
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Supplementary Fig. 54. DFT optimized structures. Side view of the optimized

structures of the active intermediates adsorbed on the Cu(II) site for 1D nanowires along

the Z axis.
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Supplementary Fig. 55. XANES analysis of C-Dots. (a) C, (b) N and (c) O K—edge

XANES spectra of C-Dots in the dark and under illumination.

63



Boundary 4

= -VV
V. (EOETE) = Pv fD-ndS= Qcdot
a0
- ™
- D-ndS = Qcy c
© ® |<
s éa Clo
= 1.28 s | Y
3 o
17} Cu(ll) i
20 A
Boundary 2 v
) 60 A R

Supplementary Fig. 56. Boundary conditions. The boundary conditions of COMSOL

Multiphysics simulation.
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Supplementary Tables

Supplementary Table 1. Fitting parameters of the time-resolved PL spectra of the

samples.
Samples Ay 7, (ns) Az T, (nS)  Tape (NS)
ZIS 5.29*107  16.96 10606.81 77.14 17.21
Cu-ZIS 3.25%10°  13.60 3504.80  83.35 13.63
Cu-ZIS/C-Dots  2.69*10'7  4.66  172163.25 28.34 4.67

The time-resolved PL decay curves for all the samples were fitted with bi-exponential

function based on the following expression>?3
Fit=A+ A exp (—TL)+A2eXp (—Ti) (1)
1 2

where A1 and A: are fractional contributions, and 11 and 12 are the corresponding PL

lifetimes of different decay components. And the average lifetime Tave could be

. A1T24+A,T3
calculated from Equation: 74, = ——2=2.
A1T1+A2T2
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Supplementary Table 2. Calculation of the apparent quantum efficiency (AQE) at

different wavelengths for BA system.

Wavelength H2 Production Light Intensity AQE
A=420 nm 513.52 pmol 67.7 mW 39.99%
A =450 nm 413.98 umol 76.5 mW 26.62%
A =485 nm 275.59 pmol 69.4 mW 18.13%
A =520 nm 94.57 umol 50.2 mW 8.02%
A =595 nm 22.87 umol 20.2 mW 4.21%
A =630 nm 7.43 pmol 42.6 mW 0.61%
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Supplementary Table 3. Calculation of the apparent quantum efficiency (AQE) at

different wavelengths for AA system.

Wavelength H2 Production Light Intensity AQE
A=420 nm 1089.71 umol 67.7 mW 84.86%
A =450 nm 817.20 umol 76.5 mW 52.56%
A =485 nm 480.06 umol 69.4 mW 31.59%
A =520 nm 176.74 pmol 50.2 mW 15.01%
A =595 nm 35.88 umol 20.2 mW 6.61%

A =630 nm 8.38 pumol 42.6 mW 0.69%
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Supplementary Table 4. Activity comparison of the selective photocatalytic oxidation

of BA into BAD and H> over various photocatalysts reported in literatures.

Mass H; (umol . Time
Photocatalyst Sel. (% Light source Ref.
B g SO gy UE (h)
. 500 W Xe lamp 24
ZnS/Ni,Sy 20 90.5 2943.0 (L > 420 nm) 3
300 W Xe lamp 25
WO3/Znln,S,4 10 94.8 4280.0 (L= 420 nm) 5
300 W Xe lamp 2%
0.03-MoS«/Zn3In,Se 20 96.2 5180.0 (> 420 nm) 1
. 300 W Xe lamp 27
Cdo.5Zno 5S/Ti3Cs 25 99.0 5300.0 (> 400 nm) 20
300 W Xe lamp
Ru/g-C3Ny 5 99.0 6420.0 (850 nm > A > 3 28
320 m)
. 300 W Xe lamp 29
ZnlIn,S4/Ni-B 10 96.0 8900.0 (> 400 nm) 2
300 W Xe lamp 10
Co/CdS 5 - 8940.0 (0> 420 nm) 3
PAZ-1 300 W Xe lamp 31
(HPM/ZIS) > 8.2 10600.0 75 > 420 nm) >
300 W Xe lamp
NP/ZIS-O 30 - 15790.0 (780 nm > A > 3 2
300 nm)
300 W Xe lamp 3
VC/CdS 25 99.0 20500.0 (> 420 nm) 2
. 300 W Xe lamp
NCN, _ 34
CNx-NiP 5 100.0 21.47 (> 400 nm) 24
NENCN,-GO-NiP 5 100.0 7.19 AM I'SG’;OO 4 35
mW cm
. 300 W Xe lamp 36
Ni/Zno5Cdo sS 5 57.7 284.8 (> 420 nm) 3
near 100 W LED :
unity . This
Cu-ZIS/C-Dots 10 . 45950 light 5
selectivity ).> 420 nm) work
(=~ 100.0) (-2

68



Supplementary Table 5. Comparison of activity of hydrogen production using

sacrificial reagents of Cu-ZIS/C-Dots compared the related photocatalysts.

Catalysts Light Source Reaction Conditions H: Evolution Ref.
Rate
(mmol g'' h!)
Cu-ZIS/C-Dots A>420 nm 0.2 M L-ascorbic acid 98.84 This work
(AA)
Cu2ZnSnS4 A>420 nm 0.35MNaS+0.25M 0.381 3
Naz2S0s
Cu-ZIS A>420 nm 0.2 M L-ascorbic acid 9.86 37
NiPS3/Original C-Dots A>420 nm Aqueous TEOA 13.60 38
solution (17%)
39
Original C-Dots 300 W Xenon Aquegus TEOA 19.70
solution (10%)
lamp
N 40
Pt/Original C-Dots A>420 nm lactic acid (20%) 19.77
Cuos-ZIS A>420 nm lactic acid (20%) 26.20 4
Pto3-ZIS Simulated solar ~ 0.35 M NazS +0.25 M 29.20 42
light Naz2S03
Rh/Cr203/CoOOH/SrTiO3:Al A >420 nm Aqueous TEOA 35.40 4
solution (10%)
RhCrOx/SrTiOs:Al A >420 nm 0.2 M L-ascorbic acid 37.50 a4
MoSe2/ZIS A>420 nm Aqueous TEOA 63.21 4

solution (10%)
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Supplementary Table 6. Bi-exponential fitting components of the transient absorption

spectra of ZIS, Cu-ZIS and Cu-ZIS/C-Dots under 320 nm pump excitation monitored

at 380 nm.
Samples A Az 71 (ps) 7, (S)  Tave (PS)
Z1S 380 nm 0.369 0.631 0.65 4.15 2.75
Cu-ZIS 380 nm 0.404 0.596 0.97 4.71 3.20
Cu-ZIS/C-Dots 380 nm 0.185 0.815 0.44 1.88 1.61

The TAS decay curves for all the samples were fitted with a bi-exponential function
based on the following expression.

I(t) = yo + Ay xexp(—=(t —to)/T1) + Az xexp(—=(t —to)/12) (1)

where A1 and A» are fractional contributions, and t; and 12 are the corresponding TAS
lifetimes of different decay components. And the average lifetime tave can be calculated

from Equation*®*’ (2):

twe = =t (o) dt =1 (o) dd - @

1(0)-yo 1(0)-yo
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Supplementary Table 7. The DFT calculated Bader charges of Cu-ZIS/C-Dots.

C-Dots Coordinates (A) Charge (e) Charge
Atoms difference (e)
X Y Z

Cu 6.867414 5.658628 17.273828 11.173442 0.173
In 0.963453 4511145 8.935555 11.872386 -1.128
In 0.966124 11.297199 8.939351 11.878017 -1.122
In 8.823638 4515351 8.949222 11.89195 -1.108
In 8.824738 11.29747 8.94745 11.88565 -1.114
In 4.896452 4.51508 8.948209 11.88878 -1.111
In 4.894095 11.296928 8.942388 11.882815 -1.117
In 12.747682 4513316 8.9400617 11.877746 -1.122
In 12.750667 11.300727 8.945425 11.881459 -1.119
In 0.969738 2.256861 12.976486 11.709337 -1.291
In 0.974923 9.052551 12.990912 11.713617 -1.286
In 8.861189 2.244377 12.969146 11.709448 -1.291
In 8.846735 9.072363 12.988634 11.7104 -1.29
In 4.894724 2.250076 12.960794 11.711921 -1.288
In 4.898495 9.07657 12.972689 11.709881 -1.29
In 12.775335 2.253469 12.982813 11.709975 -1.29
In 12.770464 9.044001 12.998252 11.712209 -1.288
In 2.942836 1.11805 8.928974 11.832257 -1.168
In 2.94425 7.906818 8.940363 11.881041 -1.119
In 10.801136 1.123749 8.928721 11.834097 -1.166
In 10.806949 7.908039 8.952006 11.892842 -1.107
In 6.874264 1.11805 8.934036 11.873527 -1.126
In 6.877878 7.903833 8.949728 11.896936 -1.103
In 14.72518 1.119135 8.92619 11.837496 -1.163
In 14.728479 7.906682 8.940617 11.878729 -1.121
In 2.921311 5.657284 12.981041 11.709946 -1.29
In 2.935609 12.440353 12.998252 11.710968 -1.289
In 10.827061 5.649821 12.988887 11.7086 -1.291
In 10.808363 12.435197 12.997239 11.712631 -1.287
In 6.881335 5.662577 12.955985 11.708327 -1.292
In 6.87285 12.453245 12.994962 11.709485 -1.291
In 14.729108 5.654435 12.994962 11.711837 -1.288
In 14.727065 12.43574 12.986103 11.71159 -1.288
S 491339 2.292212 17.455526 6.851632 0.852
S 4.941875 9.068957 17.464333 6.860934 0.861
S 12.757517 2.268193 17.45998 6.880406 0.88

S 12.773606 9.057165 17.302352 6.8882 0.888
S 2.935923 3.384546 7.796116 6.79899 0.799
S 2.932309 10.166801 7.794092 6.798847 0.799
S 10.781025 3.386717 7.792573 6.79974 0.8

S 10.785738 10.166393 7.800672 6.799852 0.8

S 0.994987 2.270147 17.442491 6.874841 0.875
S 0.98314 9.045101 17.465194 6.898208 0.898
S 8.867459 2.292809 17.477216 6.873319 0.873
S 8.823921 9.076176 17.380179 6.866418 0.866
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0.976494
0.983093
8.839821
8.830866
4.910593
4.91185
12.763708
12.759623
2.94535
2.942993
10.80035
10.801765
6.874893
6.868608
14.727851
14.727379
6.860438
6.861695
14.709782
14.712139
2.95319
2.958815
10.817586
10.800822
6.885121
14.742557
14.733413
2.942208
2.955249
10.806635
10.793437
6.878507
6.878664
14.728479
14.729422
0.976179
0.981993
8.837936
8.836993
4.90745
4.916249
12.766064
12.767793
0.980579
0.979165
8.841707
8.835736
4.913421
4.909336
12.762765

4.51603
11.301949
4.522272
11.312805
4.527565
11.319047
4.511823
11.297335
3.393231
10.179285
3.390924
10.178064
3.396759
10.182542
3.393909
10.182406
3.385496
10.16273
3.384003
10.167208
5.648369
12.450884
5.641652
12.445768
12.458022
5.658438
12.433202
1.122121
7.909939
1.121035
7.904918
1.138133
7.920252
1.118321
7.903833
0.004885
6.792432
0.006514
6.788226
0.012349
6.793382
0.00285
6.785919
6.773841
13.554468
6.77452
13.553246
6.774248
13.554875
6.774113

11.391851
11.392358
11.414124
11.403494
11.412352
11.399444
11.394889
11.397673
14.219693
14.236904
14.231082
14.241712
14.223236
14.234626
14.226527
14.232348
7.802444
7.804215
7.787258
7.79561
17.433354
17.467219
17.325839
17.477267
17.454893
17.452286
17.459398
11.386283
11.399444
11.38603
11.409821
11.394129
11.413871
11.380968
11.395395
14.223996
14.232854
14.232854
14.241712
14.228298
14.23007
14.227539
14.240953
7.793839
7.782955
7.806746
7.79232
7.803709
7.790042
7.796369
72

6.868335
6.864026
6.850182
6.858185
6.848987
6.860215
6.865781
6.862
6.801098
6.802392
6.820289
6.793499
6.830428
6.80937
6.806223
6.800852
6.799278
6.799344
6.800779
6.800781
6.858232
6.878264
6.871547
6.892212
6.891764
6.890856
6.88863
6.910576
6.861557
6.911831
6.850909
6.868549
6.848219
6.904476
6.866503
6.799765
6.829363
6.817067
6.820241
6.804918
6.825636
6.806126
6.789907
6.797392
6.800352
6.796588
6.799334
6.794912
6.799372
6.797942

0.868
0.864
0.85
0.858
0.849
0.86
0.866
0.862
0.801
0.802
0.82
0.793
0.83
0.809
0.806
0.801
0.799
0.799
0.801
0.801
0.858
0.878
0.872
0.892
0.892
0.891
0.889
0.911
0.862
0.912
0.851
0.869
0.848
0.904
0.867
0.8
0.829
0.817
0.82
0.805
0.826
0.806
0.79
0.797
0.8
0.797
0.799
0.795
0.799
0.798



N NNNNNNNNNNNNN
5B B BB BB BB BB BB BB

ZozZoI@DNIIZIZI@DNITOQOOOOOOoaaoaooaoanlYYN

12.758994
2.93707
2.946387
10.833015
10.810705
6.888531
6.86567
14.735047
14.751544
0.984255
0.988325
8.849955
9.002471
4.723684
4.910891
12.797991
12.77854
8.596287
9.270626
10.670319
8.623767
9.302489
10.72707
11.437687
12.840539
9.329639
10.742814
11.471059
12.86706
13.56979
13.419962
13.366274
8.714645
11.319235
7.532325
7.505175
15.37562
15.319764
8.820056
10.769681
14.938484
11.365098
9.551774

13.55501 7.782702
3.386174 16.941893
10.191756 17.087651
3.375196 16.860725
10.204119 16.94207
3.174628 16.764523
10.225777 16.903599
3.380149 17.066745
10.193154 16.961634
0.004003 17.097167
6.79155 16.982666
0.009065 17.037006
6.890477 16.761865
6.912922 16.776596
0.010151 17.073047
6.790709 16.942702
0.004302 17.068263
6.594606 20.919803
5.382203 20.813755
5.350516 20.761567
9.083667 20.976091
7.816712 20.957337
7.790155 20.90363
6.560938 20.813755
6.559961 20.721375
10.309193 20.74094
10.262756 20.969409
9.011989 20.930281
8.981294 20.842558
7.76296 20.704544
9.92274 20.812642
5.612001 20.609406
4.445126 20.737548
11.188637 20.897555
9.082269 20.926079
6.60724 20.929294
8.588517 20.198327
6.907141 20.137736
11.224286 20.433605
3.452465 20.453245
7.747042 20.567518
4.199016 20.659772
9.944276 22.58806
Cu(IT) Total

C-Dots Total

6.799874
11.119413
11.127956
11.112541
11.140599
11.253841
11.122071
11.113441
11.13116
11.123201
11.116078
11.122472
11.26505
11.265735
11.120356
11.144597
11.12204
4.012033
3.93857
3.607112
4.115521
3.966824
4.01541
4.011257
3.989044
4.033267
4.188022
3.952758
4.057861
3.517119
0.905029
0.902331
0.915825
0.884975
0.902312
0.947159
0.541835
0.525161
0.890909
0.350793
6.222244
7.127639
9.566881

0.8
-0.881
-0.872
-0.887
-0.859
-0.746
-0.878
-0.887
-0.869
-0.877
-0.884
-0.878
-0.735
-0.734
-0.88
-0.855
-0.878
0.012
-0.061
-0.393
0.116
-0.033
0.015
0.011
-0.011
0.033
0.188
-0.047
0.058
-0.483
-0.095
-0.098
-0.084
-0.115
-0.098
-0.053
-0.458
-0.475
-0.109
-0.649
1.222
1.128
-0.433
0.173
-0.912
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Supplementary Table 8. Parameters and boundary conditions used in COMSOL

Multiphysics simulation*®-°,
Physical parameters Value
Density of Cu(Il) (kg/m?) 8939.81
Density of hydrogen (kg/m?) 0.0837
Density of C-Dots (kg/m?) 790.00
Size of Cu(II) (A) 1.28
Size of C-Dots (nm) 2
Relative permittivity of water 80.1
Relative permittivity of Cu(II) 6
Relative permittivity of C-Dots 1.5
Porosity of nanosheet 0.15

Diffusion coefficient of hydrogen (m?*/s) 9.31 x 10~°

Boundary conditions Descriptions
Boundaries 1,2,3,4 Potential V=0; No flux
Cu(II) Charge Q, = 0.28 x 10719 (C);

Concentration 1, Dimensionless cy = 1

fD ‘ndS = QCu(u)
a0

C-Dots Charge Qu = —1.46 X 10712 (C);
Concentration 2, Dimensionless cg = 0

fD ‘ndS = Qc-pots
an
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Supplementary Table 9. The DFT calculated ZPE energies of different intermediates

on the Cu-Znln>S4 nanosheets.

Intermediate Etot (eV) TS (eV) ZPE (eV) G (eV)

*RCH,OH -521.3276 0.1493 3.5466 -517.9303
*RCH20 -522.3090 0.1450 3.4562 -518.9978
*RCHO -521.8522 0.2571 3.2689 -518.8404

* -421.8745 0.0000 0.0000 -412.8745
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Supplementary Table 10. The DFT calculated energies of Eags, Esup and Eix with

different distances from Cu(II) to the center of C-Dots.

Distance Eada (eV) Esub (eV) Etot (V)
5.7A -171.42232  -422.19608 -595.49075
89 A ~ ~ -595.44137
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